Three-dimensional P-and S-wave velocities (v P , v S ), Poisson's ratio (σ), crack-density (ε) and bulk-sound velocity (v φ ) structures along the slab upper boundary beneath the fore-arc regions were determined using a large number of high-quality P-wave and S-wave arrival times from both onshore and offshore earthquakes in Japan. The velocity and Poisson's ratio images provide a compelling evidence for a highly hydrated and serpentinized fore-arc mantle and fluid-bearing anomalous low velocity and high Poisson's ratio associated with slab dehydration under the fore-arc areas. Most great thrust earthquakes (M>7.5) occurred at or close to the high-velocity areas along the slab interface under the fore-arc areas, suggesting strong interplate coupling (asperities) with slab subduction. On the other hand, prominent low-velocity anomalies were revealed along the slab upper boundary, which may reflect weak coupled or decoupled patches (aseismicity) of the plates due to serpentinization of the fore-arc mantle wedge. The crack-density and bulk-sound velocity images, calculated from the corresponding velocity models, indicate that the interplate coupling in northeastern Japan is different from that under central and southwestern Japan owing to differences between the tectonic backgrounds of the subduction system, such as the geological age, thermal regime and dipping angle of the oceanic plates. A comparison between fluid-related anomalies of Japan, Cascadia, Chile, and Costa Rica subduction zones suggests that seismic mantle may be common in fore-arc settings and these reflect similar 3-D seismic structures relatively to fluid liberating processes. We consider that the fluid-bearing anomalies along the interface of the subducting slab, attributing to processes such as slab dehydration and serpentinization of the fore-arc mantle, are mainly contributed to the interplate coupling and the repeated generation of the great thrust earthquakes under the fore-arc regions in Japan.
Introduction
The Islands of Japan is a distinct region characterized by the presence of three main tectonic plates: the Pacific plate, the Eurasian plate and the Philippine Sea (PHS) plate (Figure 1 ). The Pacific plate subducts WNW under the PHS plate and the Eurasian plates with a ~30° angle of dip and a rate of ~10 cm/a from the Japan-Kuril Trench in Northeastern Japan (Zhao et al., 1992; Wang and Zhao, 2005) . The PHS plate is subducting to the WNW under the Eurasian plate at a relative rate of ~5.5 cm/a from the Nankai Trough in Southwestern Japan (Wang and Zhao, 2006a; Long and Van der Hilst, 2006; Zhao et al., 2007 Zhao et al., , 2009 . In central Japan, the PHS plate is sandwiched by the overlying Eurasian plate and the underlying Pacific slab (Ishida, 1992; Wang and Zhao, 2006b ). The fore-arc regions of Hokkaido, Northeastern Japan, Kanto district and Kyushu in Japan are the sites of important processes associated with the subduction of the Pacific and PHS plates, including serpentinization of the fore-arc mantle, repeated genesis of megathrust earthquakes, slab dehydration and the interplate coupling. Many previous studies were conducted to investigate the structural heterogeneities and their implications for the seismotectonics and arc volcanisms under the land areas of Japan (e.g., Zhao et al., 1992; Zhang et al., 2004; Nakajima et al., 2002; Nakajima and Hasegawa, 2007) . Few studies of the structural heterogeneities under the fore-arc areas in the Pacific Ocean and the Philippine Sea were done because the offshore earthquakes are poorly located by the routine procedure of the seismic network on the land areas Doi: 10.1007/s11589-010-0755-1 Figure 1 Map showing the tectonic framework around the Islands of Japan (Modified from Kamata and Kodama, 1999) . Curved lines show the trenches that represent the major plate boundaries in Japan. Three boxes show the study regions, the Northeastern Japan (Figure 3 ), the Kanto district in Central Japan ( Figure 4 ) and Kyushu in Southwestern Japan ( Figure 5 ).
owing to few seismic stations located there. However, more great earthquakes occurred under the offshore areas than onshore. The frequent occurrence of great thrust earthquakes in the fore-arc regions has caused widespread damage to the coastal areas through strong shakings and tsunamis. The spatial distribution of the megathrust earthquakes indicates significant variations under the fore-arc areas along the Islands of Japan (Kawakatsu and Seno, 1983; Hasegawa et al., 1994; Wang and Zhao, 2005) . We consider that the seismicity and interplate coupling or decoupling along the slab's upper boundary might be correlated with the structural heterogeneities. Therefore, information on the detailed velocity structures together with other physical parameters along the upper boundary of the subducting slab in the fore-arc regions is crucial for a better understanding of the initiation of the interplate coupling, the rupture nucleation of destructive interplate earthquakes and the slab dehydration. However, such information is scanty because the fore-arc areas are generally covered under oceans, and consequently there are few seismic stations available there to record the offshore earthquakes. Umino et al. (1995) detected the sP depth phase in the offshore area of Northeastern Japan, and then they relocated 690 small offshore earthquakes using theoretical sP-P travel times calculated with a two -dimensional ray-tracing method. In their study only the focal depths of the offshore earthquakes were determined, while the epicenters were fixed. Mishra et al. (2003) and Zhao et al. (2002 Zhao et al. ( , 2007 Zhao et al. ( , 2009 ) applied the same procedure as the previous study to have relocated another 92 offshore earthquakes and then they estimated the velocity structures under the offshore region in Tohoku. However, the seafloor topography of the Pacific Ocean, which has strong influence on the calculation of the ray paths and the travel times, was not considered in their studies. This is because the depth of the seafloor varies from tens to thousands of meters under the offshore regions from the trench to the eastern coast line of Japan. Based on the above reasons, we presented a new method to find the bounce point of the sP depth phase using a three-dimensional perturbation method and then relocated 385 offshore earthquakes including both focal depths and epicenters under the offshore regions of Northeast Japan and Hokkaido (Wang and Zhao, 2005) . Meanwhile, the influence of the seafloor topography was considered for the first time in their study. Furthermore, taking advantage of a new hypocenter location techniques (Waldhauser and Ellsworth, 2000; Wang and Zhao, 2005) , we presented an effective hypocenter location method (Master-Event location: MEL) for the offshore earthquakes, outside the areas covered by the seismic networks (Wang and Zhao, 2006a, b, c) . This method makes use of the sP depth phase combined with the extended double-difference location method. To demonstrate the effectiveness of the MEL method, they applied it to both a real data set in Central Japan (Wang and Zhao, 2006b ) and a synthetic data set in Southwestern Japan (Wang and Zhao, 2006a) . The testing results showed that the hypocenters of the offshore earthquakes that were relocated with the MEL method are consistent with those determined by using the arrivals recorded by the offshore stations.
In this study the Poisson's ratio (σ), crack-density (ε) and bulk-sound velocity (v φ ) images were calculated from the corresponding velocity models. The calculated parameters are less reliable than the inverted velocity structures. The velocity images and the calculated physical parameters revealed not only the common consensus on interpretational framework of seismic tomography but also the difference of the structural heterogeneities under the fore-arc regions from Northeastern to Southwestern Japan. Noted that the calculated crack-density images are reliable feature at shallow depth under the fore-arc region but would be unreliable at deep depth under the mantle wedge. Here I only discuss the crack-density structures beneath the fore-arc region. Those observations suggest that most of the seismological processes, such as the slab dehydration, interplate coupling and the genesis of megathrust earthquakes, are mainly attributed to the subduction conditions, for instance, the geological ages, the dipping angle and temperature of the subducting slab as well as the convergence of the Pacific and the PHS plates.
Data and method
The high-resolution 3-D velocity models shown in this study were calculated using a combined data set including two groups of earthquakes (Wang and Zhao, 2005, 2006a, b) . One group consists of 27 388 shallow and intermediate-depth earthquakes (depth < 200 km) that occurred beneath the land areas of Japan. These events were located within the seismic network and so they have reliable hypocentral locations with errors smaller than 0.5 km in epicentral location and 2.0 km in depth. The other group includes 3 728 offshore earthquakes at depths of 10−80 km within the fore-arc regions of Japan from Hokkaido to Kyushu. These offshore events have been relocated using the sP depth-phases that were identified from the three-component seismograms recorded by the Hi-net using the MEL method (Wang and Zhao, 2006a, b) . Figure 2 shows the ray path of the sP depth phase and four examples of the seismograms generated from the offshore earthquakes in Japan. Hypocenters of the offshore events are well constrained by the use of sP depth phase data and the MEL method. Their mislocation errors are generally smaller than 3.0 km in focal depth; comparable to that of the earthquakes occurred within the seismic network (Wang and Zhao, 2006b) . A total of 645 018 P-wave, 615 943 S-wave and 7 643 sP depth phase arrivals from the selected 27 388 land earthquakes and 3 728 offshore earthquakes have been collected. The picking accuracy is 0.05−0.1 s for P-wave data, 0.05−0.2 s for S-wave data, and 0.1−0.8 s for the sP depth phase data.
The regional tomography method (Zhao et al., 1992) was applied to the arrival times from the well relocated earthquakes to determine the 3-D velocity images (Wang and Zhao, 2005, 2006a, b) . We then applied the crack theory (O'Connell and Budiansky, 1974; Mishra et al., 2003; Wang et al., 2006 Wang et al., , 2009 ) and method of the bulk-sound velocity (Kennett et al., 1998; Kennett and Summins, 2005; Schmid et al., 2006; Wang et al., 2008) to calculating the crack-density and bulk-sound velocity structures from the tomography velocity models along the slab upper boundary, respectively. Estimated crack parameter together with the Poisson's ratio and bulk-sound velocity images can significantly improve our understanding of structural heterogeneities under the fore-arc regions of Japan.
Discussion

Structural heterogeneities and seismotectonics
Figures 3, 4 and 5 show the plan views of P-and S-wave velocity structures together with the Poisson's ratio, crack-density and bulk-sound velocity images for a two-km-thick layer right above the upper boundaries of the Pacific plate (Figures 3 and 4) and the PHS slab ( Figure 5 ). The spatial distributions and perturbations of P-and S-wave velocity anomalies are similar to one another, although the amplitudes of the P-wave velocity anomalies are less than the S-wave under Northeastern Japan (Figure 3 ) and the Kanto district (Figure 4) . However, this feature of the velocity anomalies is not observed under the Kyushu subduction zone ( Figure 5 ). Beneath the offshore area in Northeastern Japan, two Pand S-wave low-velocity areas with high Poisson's ratio and high crack-density anomalies are imaged (Figure 3) . Similarly, high v P /v S zones above the subducting Pacific slab were revealed by double-difference tomography in northern Honshu, which was interpreted as the serpentine dehydration (Zhang et al., 2004) . The features of the structural heterogeneities under the offshore region are consistent with the previous studies (Iio et al., 2002; Zhao et al., 2002; Mishra et al., 2003) . Two slow velocity zones (39°N−41.2°N and 42.0°N−43.0°N) (with low-velocity perturbations of ~2%−6% for P wave and 4%−6% for S wave) are imaged clearly, where no great interplate earthquakes (M>7.5) had occurred. The low-velocity anomalies are consistent with a proposed seismic moment-release gap (Kawasaki et al., 2001) . Strong heterogeneity is revealed at the shallow depths above the subducting slab under the Kanto district (Figure 4) . Similar features are observed from the inverted velocity structures in the Kyushu subduction zone. Those low-velocity anomalies could be caused by fluids that are released upwards to the surface by porosity collapse or dehydration of the subducting sediments and the oceanic crust.
Many large earthquakes occurred between the subducting slab and the overriding continental plate along the interplate thrust zones in Hokkaido, Tohoku, Kanto district and Kyushu of Japan, for example, the 1936 Miyagi earthquake (M7.5), the 1994 Shanriku earthquake (M7.5) and the 2003 Tokachi-oki earthquake (M8.0) in Northeast Japan, the 1941 (M7.2) and 1968 (M7.5) and 1984 (M7.1) Hyuga-nada earthquakes in Kyushu. Figures 3, 4 and 5 demonstrate that more than 92% of the great interplate earthquakes (M≥7.5) occurred around the low-velocity zones, while only a few large interplate earthquakes (M6.0−6.5) occurred in the low-velocity areas, which inferred the existence of weakly coupled patches along the upper boundary of the subducting PHS slab. Similar features were revealed under the fore-arc area of Northeastern Japan (Zhao et al., 2002; Mishra et al., 2003) , which may reflect a common feature on the spatial distribution of thrust earthquakes and the structural heterogeneities in subduction zones. The mechanism of large thrust earthquakes ( Figure 6 ) calculated by using the Harvard CMT and Hi-Net catalogs shows similar generated mechanism of the large interplate earthquakes in the Northeast Japan and Kyushu but the Kanto district where the Philippine Sea plate is sandwiched by the underlying Pacific and the overlying Eurasian plates (Figure 1 ). For the subducting slab, the down-dip limit of the great thrust earthquakes often corresponded to the intersection of the thrust with the fore-arc mantle (Springer and Forster, 1998) , which might be explained by aseismic hydrous minerals, such as serpentinite, which are present in the fore-arc mantle wedge and exhibit stable sliding (Peacock and Hyndman, 1999 , Oleskevich et al., 1999 , Hyndman and Peacock, 2003 . Our results show that these interplate thrust earthquakes were located in areas with seismic velocities that are higher than those of their surrounding areas (Figures 3, 4 and 5), which might reflect the futures of strong-coupled asperities.
We consider that one possible explanation for the spatial distribution of the large interplate earthquakes is that the lateral heterogeneities, including strong coupling sections or asperities and weak coupled or decoupled patches located along the upper slab boundary, might control the degree and spatial extent of the interplate seismic coupling and the rupture nucleation of the interplate earthquakes. The occurrence of slow and ultra-slow great interplate earthquakes that ruptured the oceanic lithosphere from the seafloor to a depth of several tens of kilometers (Kanamori, 1971; Kawasaki et al., 2001 ) may be related to the fluid contents along the slab (Utsu, 1999; Yamaoka et al., 2002) . The color scales of the velocity, Poisson's ratio, crack-density and bulk sound velocity are shown at the base of each map.
upper boundary. It is considered that the fluids are released from free pore water contained in the upper oceanic crust and sediments at shallow depth, because of the increasing temperature and compressional pressure, and/or are produced by the extensive dehydration of the subducting slab. We suggest that the low-velocity zones correspond to the weakly coupled or decoupled patches on the slab boundary Zhao et al., 2002) , which are caused by the presence of fluid-related anomalies.
Slab dehydration a nd interplate coupling
The subduction process is also found to be significant in illustrating the role of water and gas (e.g. carbon dioxide, sulphur dioxide) or fluids by influencing the thermo-petrological model of both cool and warm subduction metamorphism (Hacker et al., 2003a, b) . The velocity images along with the Poisson's ratio, crack-density and bulk-sound velocity structures ( Figures  3−5) show that considerable lateral heterogeneities exist on the upper boundary of the Pacific and the Philippine Sea slabs in the fore-arc regions, which might reflect serpentinization of the fore-arc mantle associated with dehydration of the subducting slab. The fore-arc mantle is probably aseismic because of the stable-sliding serpentinite hydrated by water that is expelled upward from the under-thrusting oceanic crust and sediments. Laboratory studies have indicated that serpentinite generally exhibits stable-sliding behavior (e.g., Reinen, 2000) . Serpentinite is believed to exhibit stable-sliding behavior at the plate subducting rate, thus impeding rupture into the fore-arc mantle (Bostock et al., 2002) . The mechanism for generating stable-sliding behavior in a subducting slab is the serpentinization of the mantle wedge. Water liberated by the dehydration reactions within the subducting plate might intrude into the overlying fore-arc mantle wedge, resulting in the formation of serpentine minerals and possibly other hydrous minerals, such as talc and brucite (Peacock and Hyndman, 1999) . Because serpentinization will dramatically reduce the seismic velocity, the mechanical strength and density in the fore-arc mantle while increase the Poisson's ratio, magnetization and electrical conductivity (Hyndman and Peacock, 2003) , the serpentinized fore-arc mantle is probably highly heterogeneous and some fluids escape to the surface. Such fluids will migrate into the overlain mantle and decrease the seismic velocity in the fore-arc mantle by the serpentinization process. If the fore-arc mantle is serpentinized, the pattern of convection will be altered in the mantle wedge because of the weak rheology, low seismic velocity and rock density. Such a proposal is evidenced from our estimated seismic velocity, Poisson's ratio and crack-density structures (Figures 3−5) . Strong low-velocity and high Poison's ratio anomalies under the fore-arc regions along the upper slab boundaries are expected to correspond to the serpentinization of the corearc mantle associated with the slab dehydration (Figures 3−5) . Therefore, it is believed that large volumes of aqueous fluids is released upwards by dehydration reactions in the subducting oceanic crust and sediments; the subduction of the oceanic lithosphere will then cool the overlying fore-arc mantle such that low-temperature hydrous serpentine minerals are stable in the fore-arc mantle.
Several researchers estimated the extent of hydration and serpentinization of mantle wedge for different subduction zones using laboratory experiments, such as Chile margin (serpentinization, 0−12%; water, 0−3.6% by weight), central Japan (serpentinization, 30%−40%, water, 4%−5% by weight), SW Japan (serpentinization, 0−15 %, water, 0−2% by weight), Cascadia (serpentinization, 25%−30%, water, 3%−4% by weight), and Costa Rica (serpentinization, 15%−25 %, water, 3%−4% by weight) (e.g., Kamiya and Kobayashi, 2000; Zhao et al., 1992; Hyndman and Peacock, 2003; Deshon et al., 2003; Seno, 2005) . Serpentinized mantle wedge near the subducting Cocos plate in Costa Rica implies that rupture during large magnitude earthquakes may not initiate but may propagate along the oceanic slab/continental mantle interface making the downdip limit of the seismic zone beneath northern Costa Rica strain-rate dependent (Deshon et al., 2003) . The crack-density and bulk-sound velocity images, calculated from the corresponding velocity models, indicate that the interplate coupling in Northeastern Japan is different from that under central and Southwestern Japan owing to differences between the tectonic backgrounds of the subduction system, such as the geological age, thermal regime and dipping angle of the oceanic plates. The geological age of the subducting Pacific plate under northeastern Japan is more than 140 Ma with plate thickness of 80 km, while the geological age of the Philippine Sea plate in southwest Japan is about 50 Ma with plate thickness of 30 km. The dipping angle is about 30° of the Pacific plate in northeast Japan and about 60° of the Philippine Sea plate in southwest Japan. The thermal-petrologic model predicts that the oceanic crust of the Philippine Sea plate under southwest Japan is 300°C−500°C which is warmer than that beneath Northeast Japan (Peacock and Wang, 1999) . These features result in different coupling models of the Pacific plate in northeast Japan and the Philippine Sea plate in southwest Japan.
For the subducting slab, the down-dip limit of the great thrust earthquakes generally corresponds to the intersection of the thrust zone with the fore-arc mantle (Seno et al., 2001; Seno, 2005) , which was explained by the distribution of aseismic hydrous minerals such as serpentinite (Peacock, 1990; Oleskevich et al., 1999; Hyndman et al., 1997) . Our results show that large earthquakes that occurred along the PHS-Eurasian and the upper Pacific boundaries are located in areas with seismic velocities higher than that of surrounding areas (Figures 3−5) , reflecting strongly coupled asperities. We conclude that the spatial distribution of large interplate earthquakes is possibly controlled by lateral heterogeneities, including strongly coupled sections (asperities) and weakly coupled or decoupled patches along the upper slab boundary due to the extensive dehydration process.
Conclusions
In this study some new features of the structural heterogeneities have been revealed from the 3-D seismic velocity, Poisson's ratio, crack-density and bulk-sound velocity images along the slab upper boundaries under the fore-arc regions of Japan from Hokkaido to Kyushu. The velocity structures together with other physical parameters exhibit strong lateral heterogeneities under the fore-arc regions of Japan from northeast to southwest. On the upper boundary of the subducting Pacific and the PHS slabs, 92% large interplate earthquakes (m b >7.5) are located at the high-velocity, low Poisson's ratio, high crack-density and high bulk-sound velocity zones, which may represent strong-coupled portions or asperities on the slab upper boundary. Few large interplate earthquakes occur in areas of low velocity, high Poisson's ratio, low crack-density and low bulk-sound velocity areas, representing decoupled areas associated with fore-arc mantle serpentinization caused by fluids from the slab dehydration. The lateral heterogeneities along the slab upper boundary may control the degree and spatial extent of the interplate seismic coupling and the rupture nucleation of the large thrust earthquakes. The crack-density and bulk-sound velocity images indicate that the interplate coupling varies from Tohoku-Hokkaido subduction zone to the regions of Kanto district region and southwest Japan owing to different conditions of the tectonic setting and the subducting slab. We consider that the features of the seismotectonics and interplate coupling are mainly attributed to the slab dehydration controlled by the plate geological ages, the dipping angle and temperature of the subducting slab, and the convergence of the plates. Our study suggests that fluid plays an important role on the interplate coupling and seismotectonics in the subduction zone.
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